Dale and Laidlaw, in 1910, showed that histamine increased the contractions of the isolated rabbit heart. From the perfusate of a heart stimulated by histamine, Went, Varga, Szucz & Fehdr (1954) collected a substance which diminished the spontaneous contractions of the rabbit duodenum, relaxed rat uterus and contracted the cat nictitating membrane; they attributed these effects to an adrenaline-like substance released from the heart. Mannaioni (1960) showed that diphenhydramine reduced the stimulant effect of histamine on the rate and force of contraction but did not affect the response of guinea-pig atria to adrenaline. Dichloroisoproterenol abolished the stimulant effect of noradrenaline; it also significantly reduced the response to histamine. There was no decrease in the response to histamine with atria depleted of catecholamines by pretreatment of the animals with reserpine (Trendelenburg, 1960). Mepyramine and pyribenzamine antagonized the stimulant effect of histamine on guinea-pig atria, although the pA2 value for mepyramine-histamine antagonism-about 5-was lower than that for guinea-pig ileum, which was about 9. From this evidence Trendelenburg concluded that cardiac histamine receptors differ from those found in smooth muscle. In contrast with these results, Bartlet (1963) found that mepyramine and diphenhydramine did not antagonize the action of histamine on the guinea-pig heart.
it also significantly reduced the response to histamine. There was no decrease in the response to histamine with atria depleted of catecholamines by pretreatment of the animals with reserpine (Trendelenburg, 1960) . Mepyramine and pyribenzamine antagonized the stimulant effect of histamine on guinea-pig atria, although the pA2 value for mepyramine-histamine antagonism-about 5-was lower than that for guinea-pig ileum, which was about 9. From this evidence Trendelenburg concluded that cardiac histamine receptors differ from those found in smooth muscle. In contrast with these results, Bartlet (1963) found that mepyramine and diphenhydramine did not antagonize the action of histamine on the guinea-pig heart.
In the present work an attempt has been made to resolve this conflicting evidence, first by trying to detect whether histamine does release sympathomimetic amines from the rabbit heart, and second by studying the mode of action of histamine on atria in order to investigate the interrelationship between the cardiac histamine and noradrenaline receptors.
METHODS

Perfusiont studies
Male New Zealand white rabbits, 2.0-4.0 kg, were used. A rabbit was killed by a blow on the head and the heart removed rapidly and placed in a solution of the following composition: sodium chloride 9 g; potassium chloride 0.4 g; sodium hydrogen carbonate 0.15 g; anhydrous calcium chloride 0.24 g; glucose 4 g; made up to I 1. with distilled water. This solution was maintained at 29' C and gassed with oxygen.
The heart was perfused according to the method of Langendorif (1895) . The perfusate from the heart was superfused at 29' C over various test organs in series, by a method similar to that used by Vane (1964) . The test organs used were rabbit duodenum and rat stomach strip. * Present address: Department of Pharmacology, University of Cambridge, Cambridge.
Where indicated, atropine (5 Aug/ml.) and desmethylimipramine were present in the perfusion fluid.
5-Hydroxytryptamine (10 gg/l.) was added to the perfusate which passed over rat stomach strip (Armitage & Vane, 1964) . Except where the direct effect of histamine on the test organs was investigated, pyribenzamine (4 ,ug/ml.) was added to the perfusate to antagonize the stimulatory effect of histamine.
Experiments on atria
The atria were dissected free from the isolated rabbit heart in a solution of the composition previously described and placed in an organ bath containing this solution maintained at 290 C and gassed with oxygen. In order to record the force of contraction the atria were attached by cotton thread to an RCA 5734 mechano-electric transducer placed vertically above the bath. The electrical circuit used was similar to that proposed by Donaldson (1958) . The output from the transducer was fed into a Devices DC.2 preamplifier connected to a hot-wire pen recorder. A resting tension of about 0.5 g was applied to the atria.
The force of contraction could be measured directly as g.cm.sec--2 by calibrating the record by hanging weights from the tip of the transducer. The atrial rate was obtained by counting the oscillations recorded on the trace during a period of 12 sec.
All drug solutions were made up with distilled water and the volume added to the 100 ml. bath varied between 0.2 ml. and 1 ml. The dose has been expressed as the final concentration of drug (as a salt) in the bath. A 10 min cycle for drug application was used. The drug solution was added to the bath for 2 min, the atria were then washed three times during the next 3 min and then allowed to equilibrate for 5 min before a further dose of drug. The atrial rate and force of contraction were measured during the control period before drug administration and at the time of maximal activity.
In the results the response has been expressed as the increase in the force of contraction, or rate, produced by the stimulant drug. This method has the advantage that there is less variation in the measured response than when the response is expressed as a percentage of the unstimulated level of activity (Trendelenburg, 1960 desmethylimipramine (Geigy); acetylcholine iodide (Koch Light Laboratories); aminophylline (Thackeray, Leeds). In the reserpinized rabbits, serpasil (CIBA) 3 mg/kg was injected intraperitoneally 20 and 44 hr before the heart was removed.
RESULTS
Perfusion studies
The only previous evidence for the release of sympathomimetic amines from hearts treated with histamine is that produced by Went et al. (1952, 1954) . These workers also claimed that histamine exerts a biphasic effect on the isolated rabbit heart. It was necessary, therefore, to differentiate between the direct effect of histamine on the test tissues and other substances which might have been released into the perfusion fluid from hearts treated with histamine. Solution containing pyribenzamine (4jug/ml.) was added to the perfusate at a rate of 4-6 ml./min.
CARDIAC HISTAMINE RECEPTOR
Before the heart was set up the sensitivity of the test tissues to noradrenaline was determined by injecting noradrenaline (in 1 ml. of perfusion solution) into the aortic cannula. The flow from this cannula was adjusted to about 13 ml./min because this was approximately the output from perfused hearts.
Rabbit duodenum
In the absence of pyribenzamine, histamine first increased the contractions of rabbit duodenum, and then the preparation gradually relaxed below the control levels ( Fig. la) . In the presence of pyribenzamine, however, histamine produced a brief increase in the contractions followed by a prolonged relaxation (Fig. lb) . With noradrenaline there was no initial increase in the contractions and relaxation was produced which seemed to be similar to that produced by histamine in the presence of pyribenzamine (Fig. ic) . As a result of these effects, it would have been difficult to detect whether the perfusate from the heart treated with histamine contained sympathomimetic amines when tested on rabbit duodenum. Rat stomach strip Histamine produced contractions of the rat stomach strip which could be reduced, or eliminated, by pyribenzamine. In the presence of pyribenzamine histamine did not produce relaxation. The sensitivity of this preparation to noradrenaline was 30-100 ng. Thus rat stomach strip treated with pyribenzamine was used as a test organ to detect whether sympathomimetic amines were released from the heart. Fig. 2 . Effect of perfusates from an isolated rabbit heart on two rat stomach strip preparations in series. Solution perfusing the heart contained atropine (5 j&g/ml.). Pyribenzamine was added to the perfusate. Top record: heart beat; bottom record: rat stomach strips. a, effect of 80 jg acetylcholine applied directly to rat stomach strips; b, 80 jug acetylcholine applied to the heart; c, 80 ug histamine applied to the heart; d, 1.5 jig noradrenaline applied to the heart. 68 CARDIAC HISTAMINE RECEPTOR When the perfusion fluid contained 5 jug of atropine/ml., 20-80 ,ug of acetylcholine did not relax rat stomach strip (Fig. 2a) . With three atropinized hearts treated with acetylcholine the perfusate relaxed the test preparations (Fig. 2b) . For comparison the effect of 1.5 pug of noradrenaline applied to the heart is shown in Fig. 2d . With four hearts it was not possible to detect a substance in the perfusate which would relax rat stomach strip when doses of 20-80 jug histamine were given, although a large inotropic response was produced (Fig. 2c) .
In the rat heart, Iversen (1965) observed that desmethylimipramine blocked the uptake of noradrenaline. Using five hearts perfused with 10A1M desmethylimipramine it was not possible to demonstrate the release of noradrenaline when histamine was injected into the aortic cannula. Rat stomach strip retained its sensitivity in the presence of desmethylimipramine. In nine hearts treated with histamine no biphasic response was produced.
Experiments on atria
Eflect of hexamethonium
In atropinized atria, 20 /Ag nicotine had positive inotropic and chronotropic effects; 10 jug histamine acted similarly. After 50 ,ug hexamethonium for 10 min the response to nicotine was abolished but the effect of 10 jug histamine was unchanged. This result confirms that of Trendelenburg (1960): histamine does not stimulate atrial ganglionic cholinergic receptors. Dose-response relationships for histamine and for noradrenaline on atria When a strict 10 min cycle for drug application was used and doses of histamine were given in the ascending order, bell-shaped dose-response curves were produced both for , Inotropic effect;
, chronotropic effect. the inotropic and chronotropic effects (Fig. 3) . If the effect was measured as a percentage of the maximum response, the inotropic and chronotropic responses could be compared directly. The potency for the inotropic effect was greater than that for the chronotropic effect for the rising part of the dose-response curve. After the maximum had been reached the relationship for the relative potencies was variable. Similar curves were obtained with noradrenaline. Moreover, bell-shaped dose-response curves were obtained with histamine on atria derived from reserpinized rabbits.
If autoinhibition were the cause of the bell-shaped curves, it would be expected from the theories of Ariens, Simonis & Van Rossum (1964) that doses of histamine given in the descending order would also have produced bell-shaped curves. Descending order dose-response curves for histamine and for noradrenaline were, however, not bell-shaped (Fig. 4) . Noradrenaline was more potent than histamine and the maximum inotropic effect produced by noradrenaline was about twice that produced by histamine. ascending order; ----, doses given in descending order.
Doses given in
Effect of ft-blocking agents
In order to see how closely the inotropic response of histamine resembled that of noradrenaline, ascending order dose-response curves were constructed in the absence and in the presence of 8-blockade. Pronethalol and propranolol were used at concentrations of 5-10 /ig/ml. The atria were allowed to equilibrate for 20 min in a solution containing the pl-blocker before the curves were constructed. The ,8-blocking agents alone had a negative inotropic effect.
In the presence of propranolol or pronethalol the dose-response curves for histamine were moved slightly to the right (Fig. 5) . The antagonism was significant (P=0.05).
The same effect occurred in atria from reserpinized rabbits. These p8-blocking agents are therefore weak antagonists for histamine but are more potent antagonists for noradrenaline.
Effect of pyribenzamine Dose-response curves for histamine and for noradrenaline were constructed in the absence and in the presence of pyribenzamine 10 )ug/ml. The antagonism produced by pyribenzamine towards histamine was significant (P=0.05). In two of three experiments the inotropic response to noradrenaline was potentiated by pyribenzamine; this could be interpreted as potentiation by blockade of noradrenaline uptake (Isaac & Goth, 1965) .
Effect of aminophylline Rall & West (1963) showed that aminophylline potentiated the inotropic response to noradrenaline on rabbit atria. In the present study aminophylline 5-50 jug/ml. potentiated and markedly increased the inotropic and chronotropic response to histamine (Fig. 6) . The potentiation was significant (P=0.05).
Effect of carbachol
It is well known that acetylcholine antagonizes the stimulatory action of noradrenaline on the heart. Ascending order dose-response curves for histamine and for noradrenaline P. M. DEAN CARDIAC HISTAMINE RECEPTOR were moved to the right when constructed in solutions containing carbachol 0.01-0.02 jug/ml. (Fig. 7) . The antagonism produced by carbachol on the agonist activity of histamine was significant (P=0.05).
Desensitization studies Using a strict 10 min cycle ascending order dose-response curves for histamine were constructed to the point of complete desensitization. At this point a submaximal dose of histamine was administered every 10 min. It can be seen from Fig. 8 that atria started to recover their sensitivity to histamine after 12 min and had completely recovered after about 50 min. Recent theories suggest that receptors are regulatory enzymes which catalyse the metabolism of a preformed substrate (Belleau, 1965) . Regulatory molecules, such as a noradrenaline, may modulate the catalytic activity of these enzymes. It has been suggested that substrate depletion accounts for desensitization (Bloom & Goldman, 1966) . Thus, if the atrial receptors for histamine and for noradrenaline require the same substrates, cross-desensitization should occur. In order to test whether the hypothetical substrates were the same for the two receptors the effect of pretreatment with histamine on the response to noradrenaline was studied. Control responses to submaximal doses of noradrenaline were obtained. Pretreatment with histamine consisted of 10 Fg, 20 yg and 50 jtg histamine. Fig. 9a shows the desensitization curves produced by histamine. The effect of noradrenaline after treatment with histamine was measured (Fig. 9b) . From Figs. 9a and 9b it can be seen that pretreatment with histamine did not markedly affect the response to noradrenaline. When the reverse process was studied, however, pretreatment with 20 jig noradrenaline for five cycles markedly reduced the response to histamine. That is, one-way cross-desensitization occurred. Cross-desensitization on guinea-pig atria could not be studied, because the dose of histamine or noradrenaline required for the maximum inotropic effect caused a marked depression of basal activity after the drug had been washed out.
DISCUSSION
The relaxation produced by histamine on rabbit duodenum in the presence of pyribenzamine casts doubt on the interpretation of the results obtained by Went et al. (1952 Went et al. ( , 1954 . The inability to detect sympathomimetic amines in the perfusates from CARDIAC HISTAMINE RECEPTOR hearts treated with histamine supports the evidence produced by Trendelenburg (1960) that histamine stimulates the heart directly and not through the release of sympathomimetic amines.
Because histamine can release noradrenaline from adrenal-medullary-chromaffin cells (Staszewska-Barczac & Vane, 1965) , it seems surprising that it was not possible to demonstrate the release of noradrenaline from the heart stimulated by histamine. Perhaps this difference can be accounted for by the fact that in the heart noradrenaline is present predominantly in sympathetic nerve fibres and there is little evidence for the existence of chromaffin cells (Angelekos et al., 1963; Angelekos, 1965) . The experiments on rabbit atria have shown some similarities between cardiac stimulatory properties of histamine and noradrenaline. Activation of the cardiac histamine receptor leads to an increase in the rate of energy utilization and pyribenzamine would be expected to block selectively the cardiac histamine receptor. The potentiation of the agonist activity of histamine by aminophylline might be the result of the theophylline component blocking 3',5'-nucleotide-phosphodiesterase (Butcher & Sutherland, 1962) . If this were so, 3',5'-adenosine monophosphate (3',5' AMP) would be implicated in the cardiac agonist activity of histamine. Williamson (1966) has shown that the inotropic response produced by noradrenaline parallels the increase in the tissue concentration of 3',5' AMP.
Results with pl-blocking agents suggest: that the ,8-blockers may have a non-specific action in the weak antagonism of histamine which might be caused by their local anaesthetic properties (Black & Stephenson, 1962) ; that ,8-blocking agents may directly affect the cardiac histamine receptor, although this is unlikely to be competitive antagonism because the maximum inotropic response was sometimes depressed; that f-blocking agents may reduce the concentration of a substance needed for activation of the histamine receptor system. Robison, Butcher, Oye, Morgan & Sutherland (1965) have shown that pronethalol prevents the increase in the level of 3',5' AMP and the inotropic response to noradrenaline. The antagonism towards histamine and the negative inotropic effect produced by carbachol may arise from the inhibitory action of carbachol on adenyl cyclase, because Murad, Chi, Rall & Sutherland (1962) showed that carbachol inhibited by 30% the formation of 3',5' AMP in hearts stimlated by noradrenaline.
Depletion of a hypothetical substrate required for a receptor (considered as a regulatory enzyme) has been proposed by Bloom & Goldman (1966) to explain the phenomenon of desensitization. The one-way cross-desensitization between histamine and noradrenaline found in the experiments on atria would suggest, from this hypothesis, that the substrates are different for the histamine and the adrenaline receptors. Alternatively, evidence against this hypothesis was obtained by Rall & Kakiuchi (1966) . They showed that in rabbit cerebellum histamine and noradrenaline stimulated adenyl cyclase, both drugs showed desensitization in the production of 3',5' AMP but cross-desensitization did not occur.
The similarity between the agonist activities of histamine and noradrenaline on rabbit atria is striking. If histamine does stimulate 3',5' AMP formation in the heart, as it does in the cerebellum (Rall & Kakiuchi, 1966) , it would be necessary to postulate the existence of a histamine receptor linked to the adenyl cyclase enzyme.
